Purpose: The aim of this work is to investigate the behavior of a single crystal diamond diode (SCDD) for volumetric modulated arc therapy (VMAT) dose verifications. This delivery technique is one of the most severe test of a dosimeter performance due to the modulation of the dose rate achieved by simultaneously changing the velocity of the gantry and the position of the collimator leaves. The performed measurements with VMAT photon beams can therefore contribute to an overall global validation of the device to be used in dose distribution verifications.
INTRODUCTION
Nowadays, patients are often treated in radiotherapy by using uniform and/or nonuniform fields, composed of small segments and characterized by high dose gradients, variation in space and time of the dose rate and beam energy spectrum. The dosimetry of the small and/or nonstandard radiation fields used in these high conformal techniques represents a new challenge for the medical physicist community. [1] [2] [3] In fact, under these conditions, measurements are performed when the charged particle equilibrium (CPE) requirement is not fulfilled, so that the presence of the detector can strongly perturb the charged particle fluence. The extent of the effects due to the lack of CPE depends on the detector physical and electron densities as well as on the detector geometry, besides being related to the beam energy spectrum and the spatial conformation of the radiation field. In order to minimize the perturbation on the radiation field due to the detector, it is essential for the materials constituting the device to be phantom equivalent as much as possible and that the dosimeter has very small dimensions. This last requirement allows to minimize the averaging effect in the presence of nonuniform radiation fields. 4 Diamond detectors seem to be the best candidates for point dose measurements in this kind of highly conformal radiotherapy techniques. [5] [6] [7] [8] [9] A PTW natural diamond based dosimeter has been previously used for IMRT applications, 10, 11 but its use is limited because of high costs and low availability of detector grade natural diamonds. The behavior of synthetic diamonds for IMRT dosimetry has been analyzed in a few papers. [6] [7] [8] [12] [13] [14] In particular, in the paper by Almaviva, 6 very promising features of a synthetic single crystal diamond detector (SCDD) developed at Roma Tor vergata University are shown. These SCDDs have been tested as radiotherapy dosimeters with different beam qualities (photons from 60 Co to 10 MV and electrons from 6 MeV to 18 MeV). 6, [15] [16] [17] In the present work, the dosimetric properties of a SCDD were tested by studying point dose measurements during volumetric modulated arc therapy (VMAT) treatments. This delivery technique poses stringent requirements on the dosimetric performances of a detector due to the modulation of the dose rate achieved changing the velocity of the gantry and of the collimator leaves. The detector experiences variable beam energy distribution and fluence: during an irradiation session, it happens that it is positioned for a fraction of time under closed leaves and, for another time interval, under the open field or at the edge of the field while the beam orientation is also changing. Hence, all the requirements for a good detector in dosimetry, such as time stability, good linearity, no energy dependence, no dose rate dependence, high spatial resolution, no angular dependence, and fast response dynamics need to be satisfied in a stringent way. The measurements performed with VMAT photon beams concur to the validation of the device to be used in dose distribution verifications.
In order to experimentally verify the patient dose distribution calculated by the treatment planning system (TPS) before the delivery, the standard procedure is to use a solid water or PMMA phantom (QA phantom). The actual intensity map is exported to the phantom, where the dose distribution is recalculated. The comparison between calculations and experimental data can be performed either by point dose verifications or with two dimensional detectors. Generally the latter is the preferred solution, as it permits to obtain multiple data points in a single treatment delivery. Some commercial 2D detectors are available, constituted by a matrix of ion chambers (MATRIXX TM IBA, OCTAVIUS TM PTW), or of silicon diodes (MAPCHECK TM Sun Nuclear); their performances are discussed in several papers. [18] [19] [20] [21] [22] Ion chambers, due to the low specific sensitivity, present the drawback of a low spatial resolution, while the silicon diodes, because of the high Z material, can suffer of an energy dependent response. In principle, a matrix of very small diamond dosimeters, with a millimetric pitch, could be the best solution. A matrix of diamond detectors is not on the market yet, but the work presented in this paper, where the performances of the point diamond dosimeter have been tested using a complex technique as VMAT, is a milestone for realizing such a device.
MATERIALS AND METHODS

2.A. Radiation beam and treatment technique
An Elekta Synergy Beam Modulator Linac was used for the beam delivery. The LINAC has a fixed jaw which determines the maximum field size 16 cm × 21 cm and is equipped by an 80-leaves multileaf collimator, having a 4 mm leaf width (at isocenter). The smallest symmetric field achievable is 0.8 cm × 0.8 cm. Among the three available photon energies (6MV, 10MV, 18MV), the 6 MVRX beam quality was chosen for the measurements discussed in the paper.
As rotational techniques are involved, the detector response versus irradiation direction was analyzed. In this kind of study, two parameters have a major role: the angular dependence of the dosimeter and the attenuation introduced by the patient couch, i.e., an iBEAM evo (Medical Intelligence) in the adopted setup. The couch has a thickness of 5 cm and it is constituted by an external 2 mm thick carbon fiber filled with a low density foam core; a computed tomography (CT scan) of it was acquired by a Philips Brilliance Big Bore CT and used by the TPS in order to account for its attenuation (2.5%).
A squared field 10.4 cm × 10.4 cm was used for detector calibrations and for angular dependence study. Squared fields with side from 0.8 cm to 10.4 cm were used for the output factor measurements. A VMAT treatment planned with Philips Pinnacle 3 Smart Arc tool and actually delivered to a patient affected by a pulmonary disease, was chosen to perform the validation of the SCDD. The treatment consists of a two arcs arrangement (clockwise 179
• →180
• and counterclockwise 180
• →179
• ), each one with 91 control points. 60Gy (20Gy/fr) were prescribed at the isocenter. As an example, the configurations of the leaves in six control points are shown in Fig. 1 . The entire treatment fraction was delivered in about 7 min. The Pinnacle 3 VMAT and LINAC settings adopted for the dosimetric characterization performed in this work are summarized in Table I .
2.B. Detectors and phantoms
The tested diamond detector consisted in a single crystal diamond Schottky diode grown by microwave chemical vapor deposition (CVD) at the University of Rome Tor Vergata. 17 The device was incapsulated in the same PTW Freiburg housing used for the unshielded Silicon diode (PTW Diode E model 60017). Diamond sensitive volume is a cylinder 2.2 mm in diameter and about 1 μm thick, placed 0.8 mm from the detector tip. A sketch of the SCDD is shown in Fig. 2(a) . An Extradin A1SL ion chamber was used for comparison [ Fig. 2(b) ].
Absolute dose calibration was performed with a Farmer ionization chamber (PTW 30011), calibrated in terms of dose to water in a reference laboratory, coupled to an IBA Dose1 electrometer, according to the IAEA TRS-398 code of practice.
23 A1SL and SCDD were calibrated by intercomparison with the Farmer chamber in solid water, using a 10.4 cm × 10.4 cm field, at the isocenter position. Two different phantoms were used in the present study. A cylindrical PMMA phantom with a diameter of 15 cm, having a circular hole in the center, along the whole longitudinal dimension; the phantom is equipped with an additional cylindrical PMMA plug to permit the detector positioning and the axial sliding in gantry-target (GT) direction (y-axis), avoiding any air gap formation. The commercial IBA I'mRT phantom, was also used, made of a water equivalent material (RW3). In this case, the detector can be moved in different positions along latero-lateral (LL) direction (x-axis).
Both the SCDD and the ion chamber were positioned with their axis parallel to the y-axis.
Both phantoms were CT scanned (Phillips Brilliance Big Bore CT) and images sent to the Pinnacle 3 TPS. Figure 3 reports a scheme of the two phantoms.
The I'mRT phantom was used for two set of measurements: (a) Output factors for small fields with A1SL ionization chamber and SCDD and (b) VMAT treatment profile in LL direction. The cylindrical PMMA phantom was employed for two set of measurements as well: (c) Angular dependence of the entire experimental set-up and (d) VMAT treatment profile in GT direction. For each series of measurements, Pinnacle 3 TPS was used for calculations.
2.C. Comparison between measurements and calculations
The dose distribution inside the phantom was calculated with a grid matrix of 1 mm × 1 mm × 1 mm resolution. Dose   FIG. 2 . Sketches of (a) SCDD and (b) A1SL ion chamber.
profiles in the LL and GT directions passing through the isocenter were exported from the TPS. Profiles were acquired both with the A1SL ion chamber and with the SCDD, and for each device the VMAT treatment delivery was repeated with the detector placed in different positions. The agreement between measured and calculated doses was analyzed in terms of either absolute dose comparison and distance-to-agreement (DTA), 24 defined as the distance between a measured dose point and the nearest calculated point with the same dose. In low dose gradient regions, the agreement was evaluated simply by the dose difference (DD), while the DTA represents the most meaningful quantity in regions where the spatial dose gradient is high. In our analysis, the dose gradient was evaluated by taking into account the six nearest neighbors of each point in the 3D grid TPS matrix. A threshold of 3%/mm was assumed in the present study in order to discriminate between low and high dose gradient regions. 25 
RESULTS AND DISCUSSION
3.A. Output factors
Output factors for squared fields with side ranging from 0.8 to 10.4 cm were measured by A1SL ion chamber and SCDD. In Fig. 4 , the response of the two dosimeters normalized to their response under a 10.4 × 10.4 cm 2 radiation field is shown. The values for the two detectors are in good agreement for fields wider than 1.6 × 1.6 cm 2 (maximum difference of 0.9%). For the smallest field (0.8 × 0.8 cm 2 ) the SCDD output factor is 15% higher with respect to the ion chamber. This difference can be ascribed to the difference in size of the two dosimeters (see the scheme of the two dosimeters reported in Fig. 2 ). Indeed, due to the relatively large volume of the A1SL chamber, both the lack of CPE and volume averaging become meaningful for small radiation fields. Such effects are less relevant in the case of SCDD. The smaller dimension of the SCDD and its higher density result in a better spatial resolution, a reduced averaging effect and a minimized loss of CPE. carried out, positioning all the detectors inside the cylindrical PMMA phantom, with their axis parallel to the y direction (see Fig. 3 ). The dose measured by the three dosimeters was normalized with respect to the one acquired for the 0 • gantry angle and was also compared with the TPS calculation. The obtained results are shown in Fig. 5 . Considering the Farmer chamber as a reference, it is observed that TPS data are in good agreement, since the maximum deviation is about 0.5%. This finding confirms that the couch attenuation is properly modeled. The other two detectors both show a mean difference of 0.2% with respect to the reference, with a maximum deviation of 0.8% for A1SL and 0.5% for SCDD. This result demonstrates that, in this device orientation, the angular dependence of the diamond detector is negligible. 
3.C. VMAT profiles
3.C.1. Gantry-target profile
The results of the comparison between TPS calculations and measured values for the GT profile are summarized in Table II and shown in Fig. 6 . Three different regions are considered: (1) central region, characterized by a low dose gradient, (2) penumbra region, and (3) tail of the distribution.
In the central region, an overall agreement is observed between SCDD and A1SL, but the diamond detector data are always closer to the TPS values. The SCDD dose difference is everywhere less than 2%, with the exception of the point at y = −2 cm, where DD is 3.0%. However, it should be noted that this value is confirmed by the A1SL measurement, being 0.8% the deviation between the two detectors. A similar behavior is observed at y = −3 cm, where both detectors measure a dose lower of about 2% respect to the calculation, but they are in good agreement.
Also in the penumbra region, the SCDD is globally in a better agreement to the TPS data, with an estimated DTA ≤0.6 mm. A higher DTA of 2.2 mm is obtained at y = −4 cm only, where a similar value is obtained by the ion chamber as well.
In the points on the tail of the distribution the dose difference is quite elevated (up to about 20%). In this region, the dose gradient is low and the absorbed dose is about 5% of the isocenter value. Such a dose is only due to the diffused radiation contribution and to the transmission under closed leaves. A similar extent of disagreement is observed between both detectors and TPS, thus indicating that in our TPS the dose under closed leaves is overestimated. The occurrence of this behavior was already observed by the authors during the commissioning of the Pinnacle 3 system for VMAT treatments and measured both with ion chambers, radiochromic films, and 2D matrices of diode detectors, but it was accepted since it is protective for the patient and it does not introduce any noticeable effect in the irradiated volume.
3.C.2. Latero-lateral profile
The results concerning the absorbed doses measured in the LL profile (x direction) are presented in Table III in Fig. 7 . The same criteria used for the analysis of the GT profile data were adopted. In this case, a tail region is not observed, being the dose at the extremities of the measured profile about 25% of the isocenter dose.
In the low gradient regions, it is possible to observe a deviation of the SCDD from the TPS up to about 3%. However, it should be noted that, as already observed in the GT profile data, the agreement between the two detectors is always very good, with a maximum discrepancy of 1.3%, measured at the isocenter. In the penumbra regions, the estimated DTA is always low (≤1.1 mm) for both the detectors.
It is worth to point out that, during a VMAT treatment, both the dose rate and the local dose per pulse are continuously varying as well. The good agreement of the diamond diode in such irradiation conditions, with both the reference dosimeter and the TPS, indicates that the device response is expected to be independent of the PRF and the dose per pulse variation. 
CONCLUSIONS
Aim of this work was to verify that the studied synthetic diamond diode is a suitable detector for verifying volumetric modulated arc therapy treatment. The obtained results confirm an overall good agreement between the SCDD dosimeter with both TPS and the reference ion chambers. In particular:
r The SCDD output factors favorably compare with A1SL values for which the lack of CPE and the averaging effect causes an underestimation of absorbed dose in small fields.
r Angular dependence measurements evidenced a good agreement between the diamond diode, the ion chambers, and the TPS. r The VMAT profiles by SCDD and A1SL are found to be comparable in terms of dose difference and distance to agreement. However, an overall better agreement with respect to the TPS was observed for the diamond dosimeter, which is also showing a better accuracy in the high gradient regions with respect to the A1SL chamber.
The results obtained in the present study confirm the suitability of synthetic diamond diodes for point dose VMAT radiotherapy dosimetry. The development of 2D or 3D arrays of such diamond diodes would allow high accuracy in treatment plan verifications.
